The purpose of this study was to evaluate electrospun drug loaded nanofibers as a new matrix for minitablets. Prednisone, a poorly water-soluble drug, was loaded into povidone (polyvinylpyrrolidone, PVP) nanofibers using the process of electrospinning. The drug-loaded nanofiber mat was compressed into minitablets with a 2 mm diameter and a height of 2.63 ± 0.04 mm. SEM analysis of the minitablet identified a nano-web structure with a nanofiber diameter in the range of 400-500 nm. The minitablets met the requirements of the US Pharmacopeia with respect to content uniformity and friability. DSC and XRPD analysis of the minitablet indicated that the drug-polymer mixture was a one-phase amorphous system. XRPD analysis of the drug loaded nanofiber mat after 10-months of storage at ambient temperature showed no evidence of recrystallization of the drug. Solubility and dissolution properties of the drug formulated into a nanofiber mat and minitablet were evaluated. These results show that electrospun nanofibers may provide a useful matrix for the further development of minitablets.
Introduction
Medicines are often oral solid dosages in the form of tablets, which are manufactured at industrial scale with high productivity, and reproducibility. This efficiency has led to lower prices and greater access to medicines for the world's population. Despite these benefits, solid oral dosage forms manufactured using conventional unit operation practices have limited dose flexibility, which needs to be addressed to fulfil the growing demand for personalized therapy. Personalized medicine aims at an individualized therapy specifically tailored to the requirements of an individual patient. Factors such as age, weight, height, race, gender, disease state, personal preferences and behaviour of the individual patient, are considered and translated in precisely tailored oral delivery forms to provide individualized therapy [1] . Patient populations which have greater needs of individualized therapy are paediatric and elderly patients [2] [3] [4] . Regulatory agencies and the WHO have incentivised the development of paediatric formulations that enable dose flexibility, easier administration and better acceptance by children [3, 5, 6] .
To provide paediatric patients with their individual dose requirements, the current practice is to prepare an oral liquid suspension or to divide the tablet. Due to stability or drug solubility issues, liquid oral dosage forms are limited [2] . Divisible tablets have inherent issues like difficulty with breaking, inaccuracy in dosing and loss of drug loaded mass [7] . A number of new technologies have emerged for improved dose flexibility and ease of swallowing; these include films, multi-particulates, chewable formulations and minitablets [8] [9] [10] .
Minitablets are small solid tablets that have a diameter equal or smaller than 3 mm [11] . Studies have shown that young children from the age of 6 months are able to swallow single minitablets [12, 13] . Under controlled trial conditions the acceptability and swallowability of multiple minitablets as a single dose was demonstrated in preschool-aged children [14] . These minitablet dosage forms have been made by conventional direct compression of the active ingredient with appropriate excipients to form a tablet [11, 15, 16] .
This study investigates the potential of drug loaded electrospun nanofiber as a new solid matrix for minitablets. Electrospinning is a simple, inexpensive and versatile process that produces polymeric nanofibers with diameters of a few nanometres to several micrometres [17] . These nanofibers are produced by an electrostatically driven jet of polymer solution or polymer melt. The electrospinning technique is described in more detail in several review articles [16, 18] . Several advantages have been identified for using electrospun nanofibers for drug delivery systems; in particular, the high surface area and the high porosity of these nanostructures can facilitate fast-wetting, which promotes a rapid release of the drug. This wettability may be further enhanced by combining the drug with a hydrophilic polymer, such as povidone (polyvinylpyrrolidone, PVP). Moreover, drugs can be incorporated into electrospun nanofibers in an amorphous form which can be utilized to increase both apparent solubility and dissolution rate of the drug [17, 19, 20] . To date, electrospun nanofibers have been investigated as oral delivery devices in the form of nanofiber mats [21] [22] [23] [24] . A major challenge for electrospinning technologies has been the scale-up of production. To date a range of different approaches have been investigated to increase production [25] , however, for pharmaceutical production, electrospinning has yet to become reality. Recently a milestone was reached in the pharmaceutical field which demonstrated utilizing a rotating spinneret approach with drug loaded polymer nanofibers able to be produced with significantly higher productivity than the standard needle electrospinning setup [26] . With the possibility of pharmaceutical production electrospinning in the near future, the purpose of this study was to determine if minitablets made from nanofibers have suitable properties for an oral dosage form. This was demonstrated by using electrospun PVP nanofibers loaded with the poorly water soluble drug, prednisone [27] .
Materials and methods

Materials
Prednisone was purchased from Sigma Aldrich (Missouri, US) and povidone (polyvinylpyrrolidone, PVP, MW. 44,000) was purchased from VWR International (Poole, England). N,NDimethylacetamide 99.5% extra pure was obtained from Acros Organics (Geel, Belgium). Acetone, hydrochloric acid (fuming, 37%), methanol, and tetrahydrofuran were all of analytical grade and procured from Merck (Germany).
Electrospinning
Electrospinning solution was prepared by dissolving 0.8 g of PVP in a 2 ml mixture of acetone and dimethylacetamide (DMA) at 1:1 with stirring for 2 h at room temperature. At least one hour prior to electrospinning, prednisone (89 mg) was added to the polymer-solvent system under stirring to give a final drug loading mass of 10 % (w/w). The polymer drug solution was loaded into a 5 ml syringe with a 20-gauge needle and the needle was connected to the positive electrode of the high-voltage power supply (Bertain HVPS Series 230 power supply, Spellman, NY). The distance between needle tip and earthed rotating mandrel (diameter 30 cm and width 1.7 cm, 6 rpm) was 15 cm. Electrospinning was carried out under ambient conditions, using a voltage of 20 kV. The feed rate of the solution was controlled at 0.5 ml/h using a single syringe pump (200 syringe pump; Chemyx Stafford, TX, USA). The entire prepared volume (2 ml) of solution was electrospun. The collected electrospun mat was dried under vacuum overnight before further use.
Preparation of tablets
Nanofiber mat, approximately 0.6 cm in length and 10.50 mg in mass was placed into a 2 mm diameter standard flat faced punch. Using a single manual pellet press (No. 4350 CARVER, Wabash, Indiana, USA) the nanofiber mat was compressed into a minitablet at a pressure of 10 MPa.
Scanning electron microscopy
The morphology of PVP nanofiber mat and minitablets were analysed by field emission scanning electron microscopy (FESEM).
Sample was attached to a 10 mm aluminium stub, which was covered with 10 nm gold palladium in an Emitech K575X Peltier-cooled high resolution sputter coater with carbon coater attachment (EM Technologies, Kent, England). Samples were analysed in a 5 kV JEOL JSM-6700F field emission scanning electron microscope (JEOL, Tokyo, Japan). A high resolution image was achieved by a scanning electron detector with working distances of 5.8 and 6.4 mm.
Friability
Twenty minitablets and 6 g of 3 mm glass beads were and placed into the friabilator (Copley Scientific, Nottingham, UK) [28] . The friabilator was rotated at 25 rpm for 100 revolutions. The minitablets were collected and weighed, the percentage loss of the total weight was evaluated.
Tablet uniformity
The height of ten minitablets were measured by using a vernier caliper. The weight of ten individual minitablets was determined according to the harmonised monograghs United States Pharmacopeia (USP) specifications (General Chapter: h905i Uniformity of dosage Units) and Ph.Eur. 2.9.40.
The average prednisone content of the unit dose was determined by dissolving each individual minitablet in 50 mL of solution containing water (69% v/v), tetrahydrofuran (25% v/v) and methanol (6% v/v). To dissolve the prednisone, the suspension was shaken at 140 rpm overnight using a mechanical shaker (RATEK, Orbital mixer Incubator, Australia). A 1 mL of sample was taken, filtered through a 0.45 µm syringe filter (Phenomenex, New Zealand) and analysed by UV/VIS spectroscopy (Ultrospec 2000, UV/Visible Spectrophotometer, Biotech Pharmacia, USA) at 242 nm. The amount of prednisone was determined by using a standard curve of prednisone.
Differential scanning calorimetry
Modulated temperature differential scanning calorimetry (MDSC) was performed using a Q100, TA Instruments-Waters LLC setup (New Castle, Delaware, USA) under dry nitrogen purge (50 mL/min nitrogen). The sample was weighed (3-4 mg) directly into an aluminium sample pan and hermetically sealed. The total heating rate was 5°C/min, modulated with a 0.5°C amplitude every 40 s and the temperature ranged from 40°C to 300°C.
X-ray powder diffraction
X-ray powder diffraction (XRPD) analysis was carried out using an X'Pert PRO X-ray diffractometer (PANalytical, the Netherlands; MPD PW3040/60 XRD; CuKa anode; k = 1.541 Å). Samples were mounted on aluminium sample holders and scanned at 45 kV and 40 mA from 5 to 35°2h using a scanning speed of 0.1285°min À1 and a step size of 0.008°.
Solubility
Samples containing the equivalent of 5 mg prednisone, and in the form of powder, nanofiber mat or minitablet, were added to 15 mL of simulated gastric fluid (0.1 M HCl). The suspensions were placed in a mechanical water bath (Grant Instruments Cambridge, UK) with a constant shaking rate of 100 strokes per min at 37°C. At each time point, a 1 ml sample was taken and filtered through a 0.2 µm nylon syringe filter (AXIVA Sichem Biotech, Delhi, India). The concentration of prednisone in solution was determined at 242 nm using a UV spectrometer (Ultrospec 2000, UV/Visible Spectrophotometer, Biotech Pharmacia, US). The amount of prednisone was determined using a standard curve (in the range of 2-15 µg/mL) of prednisone prepared in 0.1 M HCl.
In vitro dissolution
In vitro dissolution studies were preformed according to the USP (2011) basket method (Apparatus 1; USP h711i Dissolution) using a ZRS-8 dissolution tester (Tianda Tianfa Technology, China). Either five minitablets or a 50 mg nanofiber mat (equivalent to 5 mg of prednisone) was placed into a basket. The basket was rotated at a speed of 50 rpm in 750 mL of simulated gastric fluid (0.1 M HCl), which was equilibrated at 37°C ± 0.5°C. At certain time points a 1 mL sample was withdrawn and filtered through a 0.2 µm nylon syringe filter (AXIVA Sichem Biotech, Delhi, India) and the filtrate was analysed at 242 nm using a UV-VIS spectrometer (Ultrospec 2000, UV/Visible Spectrophotometer, Pharmacia Biotech, US).
Results
Physical properties of nanofiber mats and minitablets
PVP nanofibers containing prednisone loaded at 10% (w/w) were electrospun from a solution of PVP and prednisone in the solvent system of acetone and dimethylacetamide. SEM images of the PVP nanofiber and prednisone loaded PVP nanofiber mats are shown in Fig. 1 . The images reveal that the nanofibers have a smooth surface without any formation of beads, and all formulations had a similar nanofiber diameter range of approximately 400 to 500 nm. The nanofiber mat appeared off-white in colour. The nanofiber minitablets were prepared from the nanofiber mats by tableting in a manual press at a compression pressure of 10 MPa. Upon visual inspection, the minitablets appeared offwhite in colour with a smooth surface and no visible cracks (Fig 2a) . SEM analysis of the minitablet surface (Fig. 2b) showed that some of the nanofibers at the surface have coalesced, while below the surface a nanofiber network structure can be observed with a similar average nanofiber diameter range (400-500 nm) as for the nanofiber mats.
The diameter of the minitablet was 2 mm (Fig. 3a) with a mean height of 2.63 ± 0.04 mm (Fig. 3b) (n = 10) . The mean drug content for 10 minitablets ranged from 0.93 ± 0.06 mg (94-110 %) with a relative standard deviation (RSD) of 5.9%. This means the minitablets meet the standard pharmacopeia requirements of content uniformity of 85-115% and a RSD of less than or equal to 6.0% (USP 29, uniformity of dosage units 905). The mean weight of the minitablets was 10.12 ± 0.18 mg (n = 10). The percentage mass lost during friability testing for the prednisone loaded minitablets when mixed with glass beads was 0.03% w/w.
To investigate the crystallinity of the prednisone in the nanofiber, X-ray powder diffraction (XRPD) measurements were undertaken. The presence of diffraction peaks in the XRPD diffractogram of prednisone powder (Fig. 4A ) reveals that the drug is present as a crystalline material. The PVP nanofiber mat diffraction pattern (Fig. 4B ) exhibits a diffuse diffraction halo, which indicates the polymer is amorphous. The diffraction pattern of the prednisone loaded nanofiber mat (Fig. 4C ) and minitablet ( Fig. 4D ) also reveals that these fibres are in the amorphous phase before and after tabletting.
Modulated temperature DSC analysis was performed to compare the phase-related solid-state behaviour of prednisone as a powder and in the nanofiber formulations (Fig. 5) . The PVP powder did not show any melting endotherm over the temperature range studied due to the amorphous nature of this polymer and lack of crystallization during heating (Fig. 5A) . The reversible heat flow thermogram featured a glass transition temperature (T g ) at 166.0°C (midpoint), which is reasonably consistent with previous reports of 156°C [29] and 162°C [30] .
DSC of the prednisone powder had a single sharp endothermic peak at 235°C (onset) which corresponds to melting of the crystalline drug (Fig. 5B) . The prednisone-loaded PVP nanofiber mat and minitablet had no endothermic peaks indicating the transformation of the prednisone from crystalline to an amorphous state after electrospinning and remained in this state after tablet compression. The non-reversing endotherms observed with onsets of 157 and 136°C for the prednisone loaded PVP nanofiber mat (Fig. 5C ) and prednisone loaded PVP minitablet (Fig. 5D ) nanofiber respectively, can be attributed to water loss. The endotherm is observed over a broader temperature range for the minitablet than for the uncompressed nanofiber mat, presumably due to the lower specific surface area hindering water desorption. A single T g was observed in the reversing signal at 161.3°C and 140.0°C for the uncompressed and minitablet samples respectively. A T g of 92.85°C has been reported for pure amorphous prednisone [31] . The presence of a single T g , intermediate between those of the pure amorphous drug and polymer, suggests that, in both cases, a single phase is present with molecular-level mixing of the drug within the polymer matrix. The difference between the T g s of the two samples can be attributed to the influence of water: in the uncompressed sample water loss occurred while the sample was still in the glassy phase, and thus the T g reflects that of the dry sample, while in the minitablet, the water loss was sufficiently impeded to plasticise the sample such that T g was lowered into the temperature range in which the water was still present.
Solubility
The solubility of prednisone in the powder form and when formulated into a nanofiber mat or minitablet was evaluated as a function of time in 0.1 M HCl at 37°C. Fig. 6 shows that the crystalline prednisone powder reached a steady state concentration of 0.16 mg/ml at the 4 h time point. The prednisone released from the nanofiber mat and minitablet formulations reached a similar steady state concentration of approximately 0.23 mg/ml at the 2 h and 6 h time points, respectively.
Dissolution
The dissolution of the prednisone from nanofiber mat and minitablet formulations under sink conditions was determined in 0.1 M HCl dissolution media. The dissolution profile for the nanofiber mat shows that 100% of the drug was released at the 5 min sampling time point (Fig. 7) while for the minitablet dissolution profile showed 100% drug release at the 20 min sample point.
Physical stability
Following 10 months' storage of the prednisone loaded nanofiber mat at ambient conditions (20-30°C; 20-30% RH) the mat was evaluated by XRPD measurement to determine if there were any changes in the physical state of the drug entrapped in the nanofiber over that time period. The XRPD diffraction pattern after storage showed an amorphous halo (Fig. 4E ) with no formation of distinct peaks indicative of crystalline material. 
Discussion
Electrospun nanofiber is a nanotechnology-based approach which has been shown to enhance the bioavailability of drugs, in particular those with low aqueous solubility [32] . This work investigates electrospun nanofiber matrices as a potential modern platform for oral minitablet dosage forms which have advantages of dose flexibility and ease of swallowing over conventional tablets.
The poorly aqueous soluble drug, prednisone, was successfully incorporated into PVP nanofibers by the process of electrospinning using an acetone and DMA solvent system. SEM of the collected mat showed a three-dimensional continuous nano-web structure, nanofibers had cylindrical morphology and were smooth without evidence of drug crystals or separate phases. The nanofibers with and without prednisone loading had a similar diameter range of between 400-500 nm. Prednisone existed in the nanofibers in the amorphous physical form molecularly dispersed in the polymer, as shown using DSC and XRPD. These findings are in agreement with other studies which demonstrated that poorly water soluble drugs entrapped into electrospun PVP are in the amorphous state [32] [33] [34] [35] . Tablet compression of the prednisone loaded nanofiber mat at 10 MPa resulted in a minitablet with a diameter of 2 mm and a height of 2.63 ± 0.04 mm. SEM analysis of the minitablet surface showed a nanofiber network structure with coalescence of some nanofibers at the surface of the minitablet. To measure the mechanical strength of the minitablets, friability tests were performed. To correct for the low mass of minitablets which will have lower mechanical stress applied, glass beads were added to the friabilator [28] . The friability for the prednisone loaded minitablet when mixed with glass beads was 0.03% which is lower than maximum limit of 1% for a tablet with satisfactory mechanical resistance for handling and administration [36] .
This low friability may be due to the nanofiber network structure in which the drug is molecularly dispersed which could provide good mechanical integrity to the minitablet without the need for additional binding excipients. The observed low friability of the nanofiber-based minitablets can be attributed to the excellent mechanical properties that has been observed in nanostructured biomaterials including electrospun nanofibers [37, 38] . While strong specific and/or nonspecific intermolecular interactions form the basis for the low friability, further work is required to understanding the formulation and processing factors which influence the mechanical performance of the minitablets, these factors include the chemical composition, tablet compression pressure, drug loading, and morphological features of the network structure.
The uniformity of a dosage unit can be evaluated either by measuring the content uniformity or the weight of the tested units. However for uncoated tablets containing 25 mg or less of a drug substance or comprising 25% or less, by weight, of the dosage unit the test for content uniformity is only required (Ph.Eur. 2.9.40 and USP h905i harmonized monographs). The drug content uniformity of the minitablets passed the first test as the relative standard deviation (RSD) is less than 6% and no value was outside 85-115%.
Solubility experiments were performed as the aqueous solubility of a drug is a fundamental property affecting its absorption after oral administration. Solubility measurements in 0.1 M HCl showed that the formulation of prednisone in a PVP nanofiber increases its (apparent) solubility over the crystalline powder form of the drug. Prednisone nanofiber mat and minitablet formulations reached a steady state concentration of the drug at approximately 0.23 mg/ ml while that of the prednisone crystalline powder was approximately 0.16 mg/ml. An improved solubility of drug formulated into a nanofiber mat has been observed for a range of drugs and polymer carriers [21, 19, 39] . Although it is possible that solubilised PVP may be contributing to a limited increase in the thermodynamic solubility, the observed 'steady state' concentration is expected to be higher than any increase in the thermodynamic solubility and reflects the apparent/kinetic solubility of the amorphous drug (in the molecular dispersion), commonly referred to as the 'spring' effect. Over the 48 h period of analysis there was no reduction in concentration for the prednisone formulated in PVP nanofiber, this indicates that there is no process of recrystallization of the prednisone in saturated solution to reach the thermodynamic solubility. This is presumably due to the presence of PVP, which is known to be an effective crystallisation inhibitor in solution even at very low concentrations.
Dissolution tests verified that prednisone loaded PVP nanofiber mat and minitablet formulations have immediate drug release properties. The nanofiber mat released 100% of the drug at the 5 min sampling time. Upon placing the drug loaded electrospun PVP mat into 0.1 M HCl the mat completely dissolved in less than 10 s. This rapid dissolution of the drug loaded nanofiber mat in media has been observed previously for PVP based nanofiber mats [33, 35, 40, 41] . The fast dissolution rate for nanofiber mats has been attributed to a number of properties which include the hydrophilic nature of the polymer, absence of drug crystallinity, the high surface area of the nano-web matrix structure itself and the molecular dispersion of the drug [22] . DSC and XRPD analysis of the prednisone loaded nanofiber mat and minitablet concurred that the drug was molecularly dispersed in an amorphous form. The dissolution release profile for the minitablet showed a slower release of prednisone compared to that from the mat; 100% drug release was achieved at the 20 min time point. The slower drug release is presumably due to the lower specific surface area exposed to the media for the tablet form compared to the mat. Tableting pressure may influence the network porosity influencing the capacity of the dissolution media to diffuse into the tablet matrix.
The prednisone nanofiber mats showed promising stability after a 10-month storage period at ambient temperature and humidity. XRPD measurements of the nanofiber mat after storage showed no signs of recrystallization or solid-state changes. The stability of the amorphous physical form observed here is in agreement with the work which observed that indomethacin in PVP nanofibers remained amorphous after up to 6 months' storage in a desiccator at 40°C [34] . Due to the hydroscopic nature of PVP and the high surface area of the nanofiber matrix (especially prior to tablet manufacture), these minitablets will have a high potential for water sorption, which may have an influence on the long-term product stability. Future studies are required to determine the effect of water sorption on product stability and suitable protective packaging.
An important consideration in the development of an acceptable oral nanofiber dosage form is the amount residual organic solvent in the final product. Analyses will need to be performed on the nanofiber dosage form to check if amount of solvent in the final product does not exceed acceptable limits given by ICH Q3C guideline (Impurities: residual solvents). In this study, the solvent mixture of dimethylacetamide (DMA) and acetone was used for electrospinning, according to ICH Q3C guidelines DMA is a Class 2 solvent with a permitted daily exposure (PDE) of 10.9 mg/day and acetone a Class 3 solvent has a PDE of 50 mg or more per day. The amount of residual solvent in the final product will depend on the completeness of solvent evaporation from the nano-jets during electrospinning and subsequent vacuum drying of the nanofiber mat. Future work will require the analysis of the solvent in the final product to check if the amount of solvent does not exceed acceptable limits.
This work shows for the first time that a drug loaded electrospun nanofiber can provide a suitable matrix for a minitablet dosage form. For this technology to be adapted as a new platform for minitablets further studies are required to establish the manufacturability of these minitablets from nanofibers at a higher scale and speed. New techniques for large-scale manufacturing of nanofibres are being developed such as the centrifugal techniques (pressure gyration) [42] . These studies will identify whether tableting can be performed without the need for additional tableting excipients. The minitablets presented in this work were prepared by a manual press and did not require additional tableting excipients. A minitablet with a low burden of excipient would have advantages in particular for the administration to paediatric patients as excipients commonly regarded as safe may represent a safety risk for children [3] .
Conclusion
The results obtained in this study demonstrated that drug loaded electrospun nanofibers can be used as a matrix for minitablets. The minitablets could be fabricated by compression of a drug loaded nanofiber mat consisting of only the drug and polymer. The nanofiber minitablets meet the standard pharmacopeia requirements of content uniformity and friability. The incorporation of poorly water-soluble drug prednisone into the nanofiber minitablet enhanced drug solubility and dissolution properties. These findings demonstrate that the unique drug delivery properties of nanofibers can be incorporated into a minitablet dosage form.
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